A new type MHD pump, applicable to high-temperature molten metal in cylindrical ducts, is proposed. A rotating twisted magnetic field is generated by a stator with three pairs of helical windings. Axial thrust, as well as rotational torque, acts on the secondary conductor. Experiment with a transparent duct system was performed to confirm that this induction machine works as a pump, and it is verified that the thrust is actually obtained on experiments with a prototype stator and liquid gallium. This experiment shows the thrust is proportional to the square of the primary current.
Introduction
One of the major advantages of electromagnetic force is its direct action on objects without any contact. This advantage is effectively realized in many machines, for example rotary induction motors, linear induction motors, electromagnetic induction pumps, electromagnetic induction stirrers, and so on. In particular, electromagnetic induction pumps and stirrers have superior endurance to mechanical pumps/stirrers and electromagnetic direct-current pumps/ stirrers, because direct action of electromagnetic force without impellers and electrodes results in simple design with fewer damaged parts. Recently, applications of electromagnetic force are developed in the steelmaking process, where stable performance under harsh environment is required. [1] [2] [3] Until today, there is no electromagnetic pump applicable to high-temperature molten metals, for example molten steel of over 1 500°C. At present, electromagnetic induction machines are mainly used for stirring for high-temperature molten metal. 4) Conventional induction machines are not suitable for pumping molten metal against pressure gradient because counterflow occurs in certain parts of the cross section. In case of a flat linear induction pump (FLIP), 5) copper short-circuit plates that are installed in the ducts prevent counterflow. But these plates are damaged by high temperature as well as electrodes of direct-current machines. In order to develop an electromagnetic pump for high-temperature molten metal, the path of secondary current should be basically reconsidered.
An annular linear induction pump (ALIP), 5) which is an exceptional type that does not need copper short-circuit plates, has an iron core installed in the duct so that the magnetic field may traverse the flow. But the iron core loses the ferromagnetic property when temperature is higher than its Curie point. Moreover, pillars that support the iron core are seriously damaged by high temperature. As a result, ALIP as well as FLIP are not applicable to high-temperature molten metals.
In this paper, a new electromagnetic induction machine is proposed. The stator of this machine generates a rotating twisted magnetic field by a helical coil. This field gives axial thrust to a secondary conductor as well as rotational torque. This machine has both properties of the linear pump and the rotary stirrer when this machine is applied to hightemperature molten metal.
Similar devices for material processing are an electromagnetic compocaster by Vives 6) and an electromagnetic stirrer by Partinen et al. 7) Both machines are stirrers. Vives's machine drives the rotor, whose permanent magnets are disposed according to spiral staircase arrangement. Partinen et al.'s machine uses the same helical coil as our proposed machine. But electromagnetic force of their machine does not act on the center part of the secondary conductor because Vives's machine and Partinen et al.'s machine are the eight-pole and the four-pole magnetic field, respectively. On the other hand, electromagnetic force of the proposed pump is expected to act in good homogeneity in the cross section owing to two-pole magnetic field. Consequently, the proposed pump does not cause a counterflow. The pole number is dominant specification for electromagnetic pumps.
We reported in Refs. 8) and 9) that the thrust was actually obtained in thrust measurement experiment with a prototype stator and solid secondary conductors (bulk rotors), which were three types of solid cylindrical metals: Copper (Cu), Brass (Cu-40Zn) and Stainless steel (Fe-18Cr-8Ni). And the slip-thrust curve of the proposed machine is compared with the slip-thrust curve of ordinary linear motors and the slip-torque curve of ordinary rotary motors. This paper reports the following. The principle how thrust acts on a secondary conductor in the rotating twisted magnetic field is illustrated in Sec. 2. Section 3 explains the apparatus used in this visual system experiment. Experimental results and discussion are presented in Sec. 4 , and this section shows that this induction machine works as a pump for molten metal. And a conclusion is given in Sec. 5.
Rotating Twisted Magnetic Field
Three pairs of helical windings, as shown in Fig. 1(c) , are adopted in order to generate a rotating twisted magnetic field. It is an improved device of the stator coil of ordinary rotary induction motor, which is shown in Fig. 1(a) . The rotating magnetic field in the ordinary three-phase two-pole induction motors is uniform, as shown in Fig. 1(b) , and it rotates in the cross section (x-y plane) of the secondary conductor. This magnetic field is independent of the z coordinate. If this stator is twisted, windings are twisted together into helical shape, as shown in Fig. 1 (c). Since this coil has three-phase two-pole windings, the magnetic field rotates in the cross section (x-y plane) of the secondary conductor. Meanwhile, the direction of the field vector changes with z, because the windings are helical. This magnetic field rotates at a constant speed keeping the spatial distribution, as shown in Fig. 1(d) .
The rotating twisted magnetic field is traveling along the z direction as well as rotating in x-y plane. This is a necessary property for obtaining the axial thrust. We draw an analogy between the rotating twisted magnetic field and impellers of axial-flow turbo-pumps, in which axial motion is caused by rotation of twisted matter.
The phase difference among three-phase current of ordinary linear induction machines deviates from 2p/3 owing to the end effect. On the other hand, the phase difference of three-phase current shown in Fig. 1(c) is 2p/3 because the three pairs of windings are equivalent to one another. Therefore, the proposed machine does not have an energy loss by the phase shift, and has no need of compensation windings and compensation circuits.
A secondary conductor is installed in the rotating twisted magnetic field as shown in Fig. 2(a) . This study is based on the following hypothesis. The rotating twisted magnetic field generates the induced current in the secondary conductor, as shown in Fig. 2(b) . This current is short-circuited upstream and downstream outside of the stator length. Now we pay attention to a G-G cross section of the secondary conductor, and set the y-axis along the instantaneous magnetic field in a certain moment. Since the z component of the current density j z is antisymmetric with respect to the center of the cross section (an odd function of y), the transverse component of the Lorentz force represents a pair of forces, as shown in Fig. 2(c) . In other words, rotational torque is obtained. Next, we pay attention to a H-H longitudinal section of the secondary conductor containing the magnetic field vector. The x component of the current density j x is symmetric with respect to the z-axis (an even function of y). As shown in Fig. 2(d) , there is also j x at the center (yϭ0).
10) Therefore, the axial component of the Lorentz force is unidirectional all over the secondary conductor, as shown in Fig. 2(d) . Consequently, the rotating twisted magnetic field gives axial thrust to the secondary conductor as well as rotational torque.
On the above hypothesis, the distribution of the magnetic flux density in the cross section is out of consideration. But non-uniformity of the magnetic field is not negligible if the twist angle of the helical windings is large. Quantitative discussion about the distribution of the magnetic field is given in Appendix of Ref. 9). 
Experimental Apparatus

Stator
A prototype stator with three-pair of helical windings has been fabricated in order to verify the hypothesis of the Sec. 2: obtaining axial thrust by the rotating twisted magnetic field. The photograph and main specification of this stator are shown in Fig. 3 and Table 1 , respectively. This stator doesn't have teeth. Therefore, windings and a yoke can be fabricated individually. As shown in Fig. 3(a) , windings form a helical coil in themselves. Then this helical coil is installed in the yoke.
Magnetic Flux Density
The distribution of the magnetic flux density in the stator was measured with a Hall-probe when the bore of the stator was empty. Root-mean-square values and instantaneous values of the magnetic flux density were measured with the Hall-probe.
At first, the Lissajous figure was displayed on an oscilloscope by instantaneous signal of the magnetic flux density and the primary current. Observation of the Lissajous figure for various locations and various angles of the probe confirmed the generation of the rotating twisted magnetic field.
Next, the magnetic flux density was measured with the probe fixed on a xyz-stage. Figure 4 shows root-meansquare values of measurements of the magnetic flux density along the central axis (xϭyϭ0 mm) when Īϭ5 A, 50 Hz. In this figure zϭ0 is the center of the yoke height. This measurement shows that the magnetic flux density become smaller drastically at the end of the yoke. Figure 5 shows geometry of the apparatus of gallium circulation experiment. Thrust act on the liquid gallium in a cylinder, which is installed in the stator, in the downwards direction. This gallium will be discharged from a release nozzle to a discharged vessel, and return back to the cylinder in the stator. Power supply system has an inverter of a pulse amplitude modulation type.
Experimental Apparatus
Liquid gallium was used as a secondary conductor in this experiment. Physical properties of gallium are shown in Table 2 .
Experimental Results and Discussion
Gallium Circulation Experiment
It was confirmed from measurement results that liquid gallium was discharged from a release nozzle after it rose gradually. Figures 6 and 7 show the initial state before excitation by input power and the discharge state of gallium, respectively.
Thrust for Various Primary Currents
Liquid gallium was not discharged when primary current was small. However, the surface of liquid gallium was held at a higher level than the initial level during excitation periods. It is nearly constant height though there was some oscillation of surface level.
Therefore, the height of surface level from the initial level of gallium is measured using a long vertical tube in place of the release nozzle. Table 3 shows measurement results of 1 000 Hz. These observations show that a fairly steady thrust acts on the liquid gallium during the excitation period in these experiments of 1 000 Hz. For example, amplitude of oscillation is about 4 % of the average in this excitation period of 14 s, when average top level of liquid surface is 60 mm at Īϭ12.5 A . Figures 8 and 9 show the initial level before input power and the top level during excitation when Īϭ12.5 A, respectively.
Thrust (F z ϭp · (15ϫ10 above observation, and results at 1 000 Hz are shown in Fig.  10 . In this figure, the horizontal axis is the primary current. The vertical axis is the thrust. The thrust is proportional to the square of the primary current. As shown in Fig. 10 , thrust, which is obtained by this helical coil, is the same order value as the result of the solid conductor experiment, (F/Ī 2 Ӎ10 Ϫ2 N/A 2 ). 9) But in the experiment with solid conductor, the stator is twice scale and frequency is 50 Hz. The thrust of this liquid gallium experiment can also be normalized by the square of the primary current Ī, and the value is about 1.9ϫ10 Ϫ2 N/A 2 .
Thrust for Various Frequencies
Next, experiments were performed with various frequencies. This result is shown in Fig. 11 . The horizontal axis is frequencies. The vertical axis is the normalized thrust divided by the square of the primary current. Figure 11 shows that there is a suitable frequency between 750 and 1 000 Hz to obtain the maximum thrust.
In the case of rotating magnetic field, in general, the skin depth d of a secondary conductor is defined by (2) where w 0 denotes the angular frequency of the rotating magnetic field, k denotes the wave number in the z direction, U z and W denote the axial velocity in the z direction and the angular velocity of the secondary conductor, respectively. In the experiment using cylindrical solid metals, W was measured on the condition of U z ϭ0. 9) On the other hand, in this visual system experiment using molten gallium, both U z and W are not measured because this purpose is to confirm that the proposed induction machine works as a pump.
Penetration of magnetic field is decided by skin depth and twist angle of coil. Even if skin depth is greater than the duct diameter, too large twist angle results in lack of magnetic field at the center of the secondary conductor. Magnetic field generated by the helical coil (45°) of this experiment sufficiently penetrate the center if skin effect is negligible.
9)
The experimental result with solid conductors suggests that the maximum thrust is obtained when the skin depth is nearly equal to a half radius of the secondary conductor. 9) If the skin depth of liquid gallium becomes smaller, the magnetic field does not penetrate the center. And then, thrust does not act on the center and counterflow is caused at the center part of liquid. Therefore, in case of liquid secondary conductor, it is assumed that the maximum thrust is obtained when the skin depth is 0.5-1 times the radius of the secondary conductor.
If slip sϭ1, the skin depths d of liquid gallium by Eq. (1) are 9.4 and 8.1 mm at 750 and 1 000 Hz, respectively. Then, the ratio of the skin depth to the radius of liquid gallium (d/a) is 0.63 and 0.54 at 750 and 1 000 Hz, respectively, as the inside radius a of the cylinder is 15 mm. This shows that these experiments get reasonable results.
Conclusion
A new type MHD pump that gives thrust to molten metal in cylindrical duct is proposed. This pump is applicable to high-temperature molten metal because this doesn't need the iron core in the duct. The stator with three pairs of helical windings generates a rotating twisted magnetic field. The principle how axial thrust acts on the secondary conductor in the rotating twisted magnetic field is illustrated in this paper.
Thrust confirmation experiments are carried out with a prototype stator and liquid gallium. The following results are obtained from experiments with a transparent duct system.
(1) The new type induction machine using rotating twisted magnetic field is applicable to an MHD pump.
(2) This experiment shows the thrust is proportional to the square of the primary current.
(3) The experimental data show that there is a suitable frequency to obtain the maximum thrust.
